Nitric oxide (NO) donors are known to inhibit gastric acid secretion in vivo and in vitro. [2] [3] [4] The inhibitory effect of endogenous NO on stimulated acid secretion has also been demonstrated in rats. 5, 6) Thus, NO is generally thought to inhibit the stimulation of gastric acid secretion. On the contrary, we have demonstrated that NO has a stimulatory effect on gastric acid secretion: Sodium nitroprusside, a NO donor, increases acid secretion in isolated mouse stomach preparations. 7) Additionally, N-nitro-L-arginine, a NO synthase inhibitor, reduces gastric acid secretion induced by cholinergic agents and pentagastrin, suggesting the stimulation of acid secretion by endogenous NO. 8) In the gut, the cells that synthesize and release histamine are mucosal mast cells 9) and enterochromaffin-like (ECL) cells.
Nitric oxide (NO) donors are known to inhibit gastric acid secretion in vivo and in vitro. [2] [3] [4] The inhibitory effect of endogenous NO on stimulated acid secretion has also been demonstrated in rats. 5, 6) Thus, NO is generally thought to inhibit the stimulation of gastric acid secretion. On the contrary, we have demonstrated that NO has a stimulatory effect on gastric acid secretion: Sodium nitroprusside, a NO donor, increases acid secretion in isolated mouse stomach preparations. 7) Additionally, N-nitro-L-arginine, a NO synthase inhibitor, reduces gastric acid secretion induced by cholinergic agents and pentagastrin, suggesting the stimulation of acid secretion by endogenous NO. 8) In the gut, the cells that synthesize and release histamine are mucosal mast cells 9) and enterochromaffin-like (ECL) cells. 10) ECL cells are considered to be the origin of endogenous histamine, which is related to peripheral regulation of gastric acid secretion in rodents. 11) In our previous study, acid secretion induced by sodium nitroprusside and dibutyryl cyclic GMP, a cell-permeable analogue of cyclic GMP, was abolished by the histamine H 2 receptor antagonist famotidine in isolated mouse stomach. 7, 12) In addition, N-nitro-L-arginine inhibits bethanechol-and pentagastrin-induced histamine release in isolated rat gastric mucosal cell preparations. 8) These findings suggest that NO augments histamine release from the histamine-containing cells, resulting in the increased acid secretion. It is suggested that NO-cyclic GMP system in the histamine-containing cells are involved in enhancement of acid secretion, but whether NO donors induce an increase in histamine release has not yet been demonstrated. In the present study, we investigated the effects of NO donors on histamine release in isolated rat gastric mucosal cells.
MATERIALS AND METHODS

Determination of Histamine Release in Isolated Gastric
Mucosal Cells Gastric mucosal cells were isolated from male Wistar rats weighing 280-360 g with a slight modification of the methods described by Schepp et al. 13) and Sakai et al. 14) Briefly, each rat was exsanguinated under ether anesthesia, and the stomach was promptly removed. The pylorus was ligated, and the stomach was then turned inside out through the small hole made by 2-mm incision in the forestomach. The everted stomach was filled with 5 ml of solution A containing 0.1% pronase E and was incubated in two changes of solution A at 37°C for 45 min with gentle shaking under 95% O 2 -5% CO 2 . The isolated cells were discarded, and then the everted stomach was incubated in solution B containing 0.2% pronase E at 37°C for 50 min. Separated cells were collected, and resuspended in solution D. Then the stomach was stirred in three changes of ice-cold solution B for 10 min under 95% O 2 -5% CO 2 . The cells separated were also collected in solution D. About 1ϫ10 8 cells were obtained from 3 rats. Their viability was determined to be more than 95% by the trypan blue exclusion test (incubation with 0.04% trypan blue for 10 min).
A Percoll density-gradient was formed by centrifuging (at 25000ϫg for 50 min) a mixture of Percoll, solution C and 1.5 M NaCl (45 : 52 : 3 v/v). The isolated cells were laid on the Percoll gradient and centrifuged at 400ϫg for 10 min. The cells thus obtained were used for the experiment as the ECL cell-enriched fraction of gastric mucosal cells. Their viability was determined to be more than 95%.
One-milliliter cell suspensions (containing about 5ϫ10 5 cells) in microtubes were suspended in solution D for 45 min at 37°C in a shaking incubator after the addition of agents to be tested. The incubation was stopped after 45 min by centrifugation (at 4°C, 400ϫg for 5 min). Histamine in the supernatant was measured using a radioimmunoassay kit (Immunotech, Marseilles, France). We used four nutrient solutions, and their compositions were as follows: Solutions A and C contained (in mM) NaCl 70, KCl 5, NaH 2 PO 4 0.5, Na 2 HPO 4 1, NaHCO 3 20, glucose 11, ethylenediaminetetraethyl acetic acid (EDTA) 2 and HEPES-NaOH (pH 7.4) 50; 20 mg/ml (solution A) or 1 mg/ml (solution C) bovine albumin F-V was added. Solutions B and D were prepared by substituting 1 mM CaCl 2 and 1.5 mM MgCl 2 for 2 mM EDTA in solutions A and C, respectively. We previously reported stimulatory effects of endogenous and exogenous nitric oxide (NO) on gastric acid secretion. In the present study, we investigated effects of NO donors on release of histamine, which is related to acid secretion, in isolated rat gastric mucosal cells. NO Cell Identification The identification of gastric ECL cells and mast cells were performed by acridine orange 15) and toluidine blue staining, 16) respectively. In the present study, the ECL cells were stained by acridine orange (10 mM), but not by toluidine blue (1 mM . Sodium nitroprusside was dissolved in physiological saline, and dibutyryl cyclic GMP was dissolved in distilled water. LY83583 was dissolved in dimethylsulfoxide.
Stimulatory Effects of Nitric
Statistics All data are indicated as the meanϮS.E.M. Statistical analyses for percent data between two groups and among three or more groups were performed by Mann-Whitney U test and by one-way analysis of variance (KruskalWallis test) followed by nonparametric Dunnett's multiple comparison test, respectively. A p value Ͻ0.05 was considered statistically significant.
RESULTS
Effects of NO Donors and a Cyclic GMP Analogue on
Histamine Release in Isolated Gastric Mucosal Cells As shown in Fig. 1 , the addition of sodium nitroprusside augmented histamine release in a concentration-dependent manner (3-10 mM). NOR 1, another NO donor (10-30 mM), also concentration-dependently increased histamine release (Fig. 1) . The amount of histamine released by NOR 1 at 30 mM (0.70Ϯ0.27 mg/10 5 cells) attained more than two times the vehicle level (0.30Ϯ0.08 mg/10 5 cells), and was about 7% of that induced by pentagastrin at 20 nM. Dibutyryl cyclic GMP (20 mM) also promoted histamine release (Fig. 1) .
As shown in Table 1 , the trypan blue dye exclusion test was performed after incubating gastric mucosal cells with sodium nitroprusside and NOR 1 for 45 min. The cell viabilities were not affected by incubation with the NO donors used.
Effects of Carboxy-PTIO and LY83583 on NOR 1-Induced Histamine Release in Isolated Gastric Mucosal Cells Histamine release augmented by NOR 1 (30 mM) was inhibited by carboxy-PTIO (500 mM), a NO scavenger (pϭ 0.05, compared with the NOR 1-treated group). Histamine release by NOR 1 was significantly inhibited by LY83583 (30 mM), a soluble guanylate cyclase inhibitor (Fig. 2) . These two agents reduced the histamine release by NOR 1 to the basal level. These results suggest that NO and cyclic GMP are involved in NOR 1-induction of histamine release.
DISCUSSION
There are two major types of histamine-containing cells in gastric mucosa: mucosal mast cell and ECL cell. 9, 10) It is reported that depletion of ECL cell histamine decreases the gastrin-evoked acid response, 17.18) and that isolated mucosal mast cells do not respond to gastrin or carbachol. 19) Therefore, the gastric mucosal histamine-containing cells playing a role in acid secretion are supposed to be mainly ECL cells in rodents. In the present study, we also confirmed that pentagastrin elicits histamine release from isolated gastric mucosal cells, but did not from mast cells. Taken together, it is supposed that ECL cells in the isolated gastric mucosal cells are the origin of endogenous histamine relating to gastric acid secretion.
S-Nitroso-N-acetylpenicillamine, a NO donor, inhibited histamine-induced acid production in isolated rat parietal cells at higher doses (100 mM-1 mM), suggesting its direct inhibitory action on parietal cells.
2) Kato et al. reported that intragastrically applied NO donors inhibited pentagastrininduced acid secretion and luminal release of histamine in anesthetized rats. 5) They suggest that the inhibition of acid secretion by NO donors results from a decrease in histamine release due to the inhibition of ECL cell function. Our previous study also showed that sodium nitroprusside at higher doses (100 mM-1 mM) inhibited acid secretion induced by histamine, bethanechol and vagal stimulation in isolated mouse stomach. 7) Dibutyryl cyclic GMP at a higher dose (1 mM) also reduced histamine-induced acid secretion in isolated mouse stomach.
12) Accordingly, the NO-cyclic GMP system plays an inhibitory role in peripheral control of acid secretion.
In contrast, we reported that augmented acid secretion was observed when sodium nitroprusside at a lower dose (75 mM) was applied to isolated mouse stomach.
7) The acid secretion was almost completely inhibited by famotidine. Kawauchi et al. showed that the NO donor NOR-3 enhanced acid secretion via release of endogenous histamine in isolated bullfrog fundic mucosa preparations. 20) Dibutyryl cyclic GMP at a lower dose (300 mM) also induced an increase of acid secretion that was abolished by famotidine in isolated mouse stomach, and an increase in histamine release in gastric mucosal cells. 12) In the present study, NO donors such as sodium nitroprusside and NOR 1 elicited the enhanced histamine release. We used the appropriate concentration of sodium nitroprusside (3-10 mM), NOR 1 (10-30 mM) and dibutyryl cyclic GMP (20 mM) as the pharmacological tools, as reported previously. [21] [22] [23] [24] [25] [26] Taken together, the NO-cyclic GMP system in gastric mucosal cells also plays a stimulatory role in peripheral control of acid secretion mediated by histamine under physiological conditions. This discrepancy between stimulation and inhibition of gastric acid secretion by NO may be explained by the working hypothesis that the concentration of NO determines whether NO stimulates or inhibits gastric acid secretion. It is assumed that a low concentration of NO has a stimulatory effect on gastric histamine-containing cells resulting in enhanced acid secretion, while a high concentration of NO has an inhibitory effect on parietal cells leading to inhibition of acid secretion.
In the present study, the NOR 1-induced histamine release was inhibited by LY-83583, a soluble guanylate cyclase inhibitor. In addition, the histamine release was markedly reduced by carboxy-PTIO, a NO scavenger. The concentrations of carboxy-PTIO and LY-83583 used in this study is the same as described in the other reports showing that these regents sufficiently induce pharmacological effects. [27] [28] [29] [30] The present results suggest that exogenous NO promotes histamine release through an increase of cyclic GMP in histamine-containing cells.
Prinz et al. reported that production of NO by interleukin 1b elicited histamine release from cultured ECL cells. 31) They speculate that the rise in histamine release is due to the cytotoxicity of NO. The present study showed that NO donors did not induce cell injury under our experimental conditions. Therefore, the histamine release by NO donors was not associated with gastric histamine-containing cells injury.
We already reported that N-nitro-L-arginine, a NO synthase inhibitor, markedly reduced acid secretion induced by a cholinergic agent, gastrin analogue or electrical vagus nerve stimulation in isolated mouse whole stomach. 8) Moreover, the increased histamine release in response to pentagastrin and bethanechol was also inhibited by N-nitro-L-arginine in isolated rat gastric mucosal cells. 8) Thus, endogenous NO enhances acid secretory response through histamine release. It is also reported that endogenous NO contributes to feedingand pentagastrin-induced acid secretion in in vivo experiments with dogs, 32) and is involved in an increase of postprandial acid secretion in humans. 33) These reports support the hypothesis that NO stimulates gastric acid secretion under physiological conditions.
The mechanisms of endogenous NO-mediated histamine release in gastric mucosa have not yet been elucidated. Gastrin is known to elevate the activity of histidine decarboxylase, a histamine-forming enzyme, in gastric ECL cells. 34, 35) It is reported that the NO-cyclic GMP pathway positively contributes to the activation of extracellular signal-regulated kinase, 36) and that extracellular signal-regulated kinase is essential for the gastrin effect on the activity of histidine decarboxylase. 37) Taking these reports into our consideration, endogenous NO may be involved in the histamine release from gastric ECL cells through the activation of extracellular signal-regulated kinase. In order to verify this point, we need further investigation.
The source of NO in gastric glands remains to be clarified. Constitutive NO synthase has been detected in gastric glandular mucosa. 38, 39) Kitamura et al. propose vagal nerve as the origin.
6) It is likely that ECL cells or enteric nerve such as secretomotor neurons and intrinsic primary afferent sensory neurons 40) contain constitutive NO synthase. Recently, Premaratne et al. demonstrated the expression of a neuronal isoform of NO synthase in rat parietal cells using immunohistchemical and molecular biological techniques. 41) They suggest the possibility that NO derived from parietal cells may act on adjacent endocrine cells such as ECL cells.
Studies on acid secretion always raise questions about a species difference. However, the above reports describe increased acid secretion via NO in several species. We demonstrated that endogenous and exogenous NO induces gastric acid secretion via histamine release in isolated mouse stomach. 7, 8) The results from the present study in isolated rat gastric mucosal cells supported this hypothesis. Therefore, the species difference is thought not to be very important for the present results. The secretory responses stimulated by the NO-cyclic GMP mechanism have been reported in other se-cretory cell systems. [42] [43] [44] In conclusion, we demonstrated that NO donors enhanced histamine release from gastric histamine-containing cells, possibly ECL cells. This histamine release results from intracellular cyclic GMP increased by NO, which stimulates gastric acid secretion. It is likely that NO functions as a mediator responsible for stimulation of gastric acid secretion.
